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- BSTRACT. The metastable specaes are atoms,.molecules, or
= ions in excited states whose lifetimes are sufficiently
— long for their return to ground states, under laboratory
o ‘conditions, by the action of an outside phenomenon (elec-
- tric or magnetic field, collision with other particles or
. the walls). This literature survey concerns the metastable
- atoms which have been most stud!ed up to now: He, Ne, H,
- Hg, Ar, and Kr.

10

ECHAPTER I. FORMATION-PRODUCTION

The metastable species are formed in gas discharges. The medium is.com- /3%
~ plex and there’are collisions with the walls, atoms, electrons, ions, and other
metastable species. The properties of metastable species in pulse discharges
‘have been involved in a large number of studies (Chapter III).

. The metastable species are formed during bombardment of a metal surface
~:by ions. Oliphant (1929), Greene (1950) and Hagstrum (1961) have studied the

formation of metastable species by impact with ions of Hé, Ng, A}, H on a
‘variety of surfaces (W, Mo, Si, Ge).

A certain number of ions are reflected in the form of ions, the ratio
Rii varying from 0.0004 to 0.002, according to the nature of the metal and
independently of the energy (in the range from 10 to 1000 eV). Others are re-
emitted in the form of excited neutrons, the ratio Rim varying from the value
Rii (for 10 eV) to 0.04 (for 1000 eV). The maximum value measured is about

0.2 (at 1000 eV) for the transformation He -+ He™ at surface (1,1,1) of a
germanium crystal.

Experimenters who wish to study the properties of metastable species have
tried to obtain high densities or flux and less complex media. It is therefore

absolutely necessary to use very pure gases (impurities <« 10_4), and very good
residual vacua (< 1010 mm Hg), and to bake the enclosures whose walls are
sometimes gold plated.

*Numbers in the margin indicate pagination in the foreign text.
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5" _PRODUCTION OF METASTABLES
Sl Ze _sefLoR o 72,
~ 1) Elecé@on Bombardment of a Gas:

SO 3 : {

- Atoms of gas are excited by electrons. The production of metastable
species is characterized by the value of the effective cross section Of de-

I
PN

fined by the relationship T, =~ Z¢ ¢ o, nf, I being the flux of metastable

rspecies formed by the electron 'heam.of 1nten51ty Ie, energy E, and which
. ‘travels over a,length 7 in a medium of density n. In the presence of a mag-
" mnetic field we must take the actual length. '

3” The densities obtained by this method are of the order of 1010 metastable

! . 3 . . e
‘particles per cm . Few ions are formed and by preventing the emission of

2 electrons, there remain only metastable particles and neutrons within the
enclosure

1.»«
! Experimental devices - measurement of Ok

. HELIUM DORRESTEIN (1942) SCHULZ (1957-59) HIGGINSON (1961-64)

| emmmm— A beam of electrons, which is made

' _monokinetic by electrodes 1, 2, and 3,
:::::::::::‘ :is focused . by a magnetic fléld and

- } J “traverses a chamber containing helium.
B /‘ ‘The metastable particles formed are

- 123
Fteog 1]

.;%3$ua¢naﬁt t‘l Kﬂ«w__”_h-ﬂ__z ‘destroyed when they strike a metal wall
P : : tarqet where they are measured by secondary
' ‘ ‘T AT98L  electron emission or by some other

method (Chapter II-2, 3). 'The effective

Jf & cross_section is obtalned by the rela-

tionship % = v ‘ (y is the coefficient of secondary electron emission;
o
'G is the correction factor due to the geometry of ‘the device). Holt (1965)

‘uses an enclosure containing helium (2-10 -4 mm Hg) and an electron gun and
measures metastable species which are diffused by secondary electron emission.

The metastable species 238 are separated from species 218 through the action

2
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i oxide cathode --reooennn.

EEANR e

-4 _targetﬁ”.“..

§-agqe1erating:
" electrode

;

gas (+ Hg)  pump.

The mercury ions formed
neutralize the e]ectron
beam

Y

H
—of an inhomogeneous magnetic field (Chapter IT1-1). Holt distinguishes the

ZlS from the excited states 23P through the action of an electric field (Chap-

~ter II-1). | He measured the effective productlon cross section og of the
,metastableispec1es 218 only relatively.-e Title }

| NEON HADEISHI (1962-1965)

—— -

H

r The electron gun is in the enclosure
which is devoid of a magnetic field.

The density of the metastable M, is
measured by absorption of a beam of 11ght
(Chapter II-4). The number of metastable

particles produced per cm3 per second is

- w;,-qu~6gh g J being the density of

the electron beam current of cross

~section S§. The number of metastable

particles which disappear per cm3 per

second is equal to‘lnnJ 4 being the
lifetime of the metastable, and which
is obtained from the absorption curve.

J
h t te, ~—0pn = M
For t e steady state, oG

‘ 5
///yw_w R

EB“URY WEBB (1924) COULIETTE- (1928): used this method to produce

metastables SPO

'HADEISHI (1965) produced metastables 3P

2) Production of a Beam of Metastable Particles: ‘ :iz{;4~g§¢’ﬁﬂﬁi,/ /6

a) Beam Obtained by Diffusion

2 by this method.

A f S
7

The metastable particles formed either by
e . discharge or by electron bombardment diffuse

ta.s ‘through a hole pierced in the wall. Electrodes 1,
;;2%1; ii% .. 2, and 3 eliminate the ions and cellimate the '
1 beam. This method produces a beam of metastable
. I~ =3 species having thermal energy, but with the draw-
gas | {{! " back of super imposing upon it a beam of photons
- e 7 and neutrons.

Experimental devices and results:
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-HYDROGEN: the metastable species are formed in a Wood's dlscharge, a method
oposed by Lamb (1950), but not used.

- Page Onellitle

-HELTUM {STEBBING (1957) HASTED (1959) used a hot cathode dis%harge
—(100 VOltS* 180 mA). The resultin beam has a diameter of 0.2 mm and |a density
10 umg? PR tie

of 2-10 p/cm . Fite (1963) uses a hlgh frequency discharge. Muschlitz (1960
62 63-64-65) and Holt {1965) use a gas bombarded with electrons.

5 l

L. NEON
B tafgét iHasted (1959) uses a hot cathode dis-
B ) } §charge,
- 985 ,
B EFite (1963) uses a high frequency
, discharge.
- grid ——— ;
3 filament —-

— ﬁe meets a beam of atoms with a velocity

at right angles. As in the case of

. the bombardment of a gas, the production of metastable species is, characterized

%
&géﬁﬁil? F(Kleffer)

. Te
by the effective cross section O “defined by the relationship 1%43375’6;IAf

E is the relative energy and Fiis a factor charac-

terlzln the intersection of the beams (F = «fﬂa(/: a@)d%‘ J J beln
s ( J 3l idy $33) Ay .,(@} ) £

the space distribution functions of electron and ion beams in the z direction).

If the beams are homogeneous and 1f Qi<<é*

) ‘:_IM I&(ri a,‘&, '6" f‘{%'

i

Experimenters px efer to measure the exc1tat10n fUnctlon that is, the
number of metastable particles formed as a function of the energy of the elec-
trons, the other parameters remaining constant. By normalizing this function,

directly or indirectly, with a theoretical value, they obtained the effective
cross section.

In order to measure this function account must be taken of the following:

1) the variation of space charge as a function of electron energy, which
can modify the value of Ie. Lamb assumes the law for laminar electron beams

(E = e,V._.,)‘ I{;: C.U':Véi

A beam of electrons w1th a ve1001ﬁ



2) prodﬁgfigﬁmof ﬁféh level excited states by high energy electrons thathj

:@ay produce metastable particles which yill return in cascades (Stebbing),
Paga OapiTiein
n 3) variation in direction of the atoms under impact of electrons. The

5 electrons have sufficient energy to cause a change in direction of the atom
_at which the thermal energy is aimed.” Calculatlon of the angles of dev1at10n
 was made by Lamb and Stebbing (Figure 1-6), since the beam of atoms was not

vmonoklnetlc this deviation caused a spread of metastable products.
!

10 | Experlmental devices and results. /8
 HYDROGEN LAMB (1950), HEBERIE (1956) LICHTEN (1959)
——

. The atom beam is obtained by means of a furnace. The electron beam is
154 laminar (Haeff). Measurement of the metastable products is made by secondary
,electron emission and action of an electric field (Chapter II-1). Lamb has
}measured the excitation function in arbitrary units. Lichten normalizes by
imeans of Born's approximation for electrons of 40 electron volts. He gives

tan absolute value for il.7 electron volts {Figure 1-7).

: Stebbing (1960). The atom beam is emitted from a furnace, while the
;electron gun is conventional. It measures the ratio of effective cross sections

.of production of metastable Osg to those of excited states Iop - The atom

beam is time modulated in order to eliminate the reactions of electrons with
the residual vacuum. The excited states 2P are measured by emission of Lyman
o photons while the 2S5 metastable particles are measured by the action of an

electric field (Chapter II-1)}. The effective cross section Iop is obtained

by normalizing to Born's approximation for electron of 400 eV. Using the value

/ ‘of the ratio 028/02P’ Stebbing obtained the value GZS[E)(Figure 1-8).

Lichten (1961), critiques the method used by Stebbing to measure the
- number of metastable products (Chapter 1I-4) and supplies 'a correction factor
© that reconciles Stebbing's results with his.

Hummer (1961), critiques the normallzatlon ‘used by Lichten (1959) and
normalizes Lichten results with those of Stebbing's corrected by Lichten (Fig-
ures 1-9).

MERCURY
: Lichten (1960), using an apparatus identical to that used in 1959 for
hydrogen, measures the excitation function for the production of 3P2 in arbi-

trary units. The metastable particles are detected by secondary electron
emission (Figures 1-10).

c) Beam Obtained by ''Charge Exchange' Reaction. /9

0"+ x>0 X7
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~ .from metastable H2S.

B i(Flgures 1-11).

s . . . . +
. tential, 3.89 electron volts, which results in a reaction H

— A beam of ions passes through a gas. There is an exchange of charge and

—the neutron formed may be in an excited state. The effective section for a
~process of charge exchange (all excitation) has been studied theoretically
—by Bates (1953), Hasted (1960-64), Massey (1949-52), and Cheshire (1965)

~The effective cross section is large.when. the difference AE of the 1nternal
~energy of the two members of the reactlon '{s 'émall and when the 1onlzat10n
~potential of the target particle is low. For a given value of AE, the effec-
tive cross secglon increases rapldly with relative speed/y jof the incident :
“partlcle until %ﬁ a AE/h [a is the domain of action of the atoms (for helium,

a = 2-10 -8 cm)] and decreases slowly. In the case of resonance, AE = 0, the
.effective cross section decreases slowly when:gs increases.

e .Experiment investigations and resﬁlts.
[
;HYDROGEN %

o ot VAR R e

éJ Nadansky (1959) uses this method to produce a beam of polarlzed protons

- Cristofori (1962-63) measures the excitation function for the production
of metastable H2S by passage of a proton beam (7 to 40 KeV) through hydrogen
.and helium, He normalizes to the approx1mat10n by Born for an energy of 40 KeV
‘ Donnally (1964) measures the effectlve cross section of production of
metastables H2S by passing a proton beam (0.2 to 3 KeV) through a thermically
‘energized cesium atom beam. The cesium is chosen for its low ionization po-

1+CS+HZS+C5+

- (AE = 0.,49) that is close to resonance (Figures 1-12).

~Jaecks: (1965) measures the excitétion’function for producing H2S meta- /10
stable particles by passing a beam of protons and molecular hydrogen ions

 through different gases (Ar, Xe, He, Ne).

Process (1) is the most probable for helium no matter what the energy of

hydrogen ions may be. Process (2) is theimqst.probablé for Ne, Ar, Xe with

" :with high energy ions.

+ +
H2 + X - H25 + H+ X (-1

+ : -+ '
HZ+X+H28+H + X (2)
:Jaecks measures the number of excited (2P) atoms formed at the same time as the
2S metastable particles by means of their spontaneous emission of Lyman protons,
then he measures the total number of states 2P and 2S by destroying the 28 '
types by means of an electric field (Chapter II-1). Knowing the effective
cross section of production of the 2P excited state (Pretzer), then deduces Oog*
6



"HELIUM

Barnett (1958), while studylng the exchanges of charges in a He®
(20 to 250 KeV) p3551ng through various| gases, noticed the formation of meta-

~stab1e He™
_the dlmen51ons of the enclosures)

‘He made no measurements.

Lorentz (1965) measures the effective cross sections of charge exchange

10 4.
* ions (15 to 1500 ev) passing through vapors of Cs and Rb.

}jbr He
~tive cross sections are large (10_14 cm” ). Lorentz assumes that the helium
atom formed is in an excited or metastable state which makes the reaction al-

-most a resonant one,

ek
(W ]

|
i
‘ i
ARGON |
‘ Lorentz (1965) measures the effective cross sections for charge exchange

; + . .
. for Ar ions traversing Cs and Rb vapors.
satom formed is assumed to be in an excited or metastable state.

Ty

s - PN
R L
ion beam

These effecj

H

As in the case of helium, the argon

3 HEL IUM - 1
P : : S e
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CHAPTER |1~ DETECTION

Certain properties of metastable species are used to detect them and
measure their density or flux.

1) Action of an Electric or Magnetic Field

HYDROGEN

The lifetime of type H2S metastable species which are placed in an electric
or magnetic field depends on the value of this field. The metastable species
passes into the 2P excited state which returns to the fundamental state by
emitting a Lyman o photon that is detected by a counter.

This phenomenon has been studied theoretically by Luder (Figure II-1, II-
2) and Bethe. It has been studied experimentally by Sellin and Jaeck for the

values of field from 100 to 1000 volts/cm. Zernik studies the action of a
high frequency electric field.

Experimental apparatus:

This method is used to measure the flux of metastable species H2S. The
beam passes through an electric field while a light particle counter (Fite,
1958) measures the amount of light emitted over a certain solid angle. All of
the metastable species are destroyed when the signal measured is independent

11
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. . |
of the value of field. It is necessarﬁ:
. 1) to use a filter allow1ng the ‘Lyman '& ray to pass. (In general, it is
L-made of drr oxygen gas passed between QWo windows of LIF) l
— 2) Tol eliminate or measure’ théhéﬁlgéfun of Lyman o rays which are not
-produced by the destruction of metastable species (presence of excited states,
~electron collision with residual gas or walls, etc.).

- 3) To know the space dlstrlbutlon function of. the emitted radiation in

~order to obtain the emission throughout all space based on the measurement made /12
~for a certain solid angle. , .

i

- Lichten (1959) assumes an isotropiuadiétfiuution. Stebbing (1960} con-
~siders that the distribution is not isotropic. Using the measurement made
°1n a direction perpendicular to the electric field 29 ¢ , he deduces Oyg by

,means of the relationship o

28 = 2/3 O * Llchten (1962) does not assume

fStebblng s hypothesis and reestablishes the 3/2 factor to compare his results

to those of Stebbing. - Jaecks (1965) assumes an isotropic dlstrlbutlon
Cristofori and Donnally have also used this method.

-

i In spite of the precautions taken, that is, nonreflecting gold plated
‘walls, baking, and focu51ng of electrons by means of a magnetic field, there
'is a signal présent even in the absence of an electric field which constitutes:
a systematic error for the absolute measurements.

Jaecks (1965) evaluates these errors by replac1ng the proton beam by a
‘beam of helium ions and finds that the observed signal produces a systematic

' .error.

-HELIUM

i

Holtz utilizes a strong electric field (340,000 V/cm) to take the 2'S
metastable spec1es to the excited state- 2'P

Action of a nonhomogeneous magnetic field:

. . > . . . . >
An atom with a magnetic moment u which is placed in a magnetic field H,

0] - - - - -> .
~undergoes a variation in energy Aw = n H, H being the component of u in the

direction H. It 15 acted on by a force Foar —&- FE“ ¥« If the field
o .9 IR . .

H is homogeneous, gﬁ, QK 2;.*0 , the force is zero. ,If the fleld is
not homogeneous, it has the following components: Fx’ Fy, FZ.

6,%8 io“”wema 3@55-4 (Born's magnetron)

12
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Ai?i_ 2) Impact of Metastable Particles on a Metal Surface: (SMITH-1955) : /15
f ] KAMINSKY, 1965

Page Onel!Title

. An atom which strikes a metal surface which is hot enough to reemlt the
5 | atom, may give up an electron to the surface and be reemitted in the form of
dons if thp work funétion ¢ of ‘the:metal: is tigher than the 1on1zat10n poten-
i £ial of the atom., If the atom is in a metastable state and if ¢ is lower
_than its internal energy, Em, it could produce emission by the surface of an

10 electron with a maximum energy E - ¢. This phenomenon occurs in the case of

nhlgh temperature metastable species which strike a metal surface at ambiant
" temperature (¢ is in the vicinity of 4 to 5 eV for W, Pt, Ar Ni, Mo, and
2 to 3 eV for K, Na, C). . 2 E

15/ Séaéndar lect on eﬁf;:izibgz characterized by the coefficient Yy which

“is the number of electrons emitted by metastable species. Account must be
taken of emission of electrons by protons which are generally present at the
~same time. This can occur: :

r)a x‘w’“‘;’. ,W;,wit;'; 1"‘7“.““‘{’.

1) by placing a thin film of transparent collodion in the path of the

. photons, : P

2) by deflecting certain metastable spe01es by means of an inhomogeneous '
‘a5 §magnet1c field, ‘ k i
3) by rapid modulation of the metastable partlcles ‘(so that the photons
follow the modulation). : |
) ft Value of experimental equipment and results. 7
HELIUM He 25 He 2''s § | |

B Dorresteln (1938) gives the first absolute values for Pt YM(Z S) 0.24,
and YM(Z S) = 0.48. These results are contested later on,

i

Schulz (1957) uses the value YM(Z 9) 0.29 fo: gold according to Stebb-
1ng (not published). : :

Stebbing (1957) and Hasted (1959) measure YM(Z S) for Au, Mo, W, Pt - /16

:sampllng being made for Au. A beam of metastable partlcles passes through a
mb d‘strlkes a gold target. The electron current is measured as
' s I belng the metastable flux and e the charge on the electron.

The argon is introduced into the chamber. A certain number of metastable

+ Ar ~ He + Ar' + e (Chapter III)
The number of metastable species

‘species are destroyed by the reaction HeM
‘and the electron current becomes

iz::;l;a!‘?“\ i

14



wg“”‘ S “”V%~ destroyed ﬂM - I', is given as the value of ion

currﬁnt Ar 3tu(I - I') e, where Yy I"’I’"

.ﬂ
. In taklng these measurements, Stebblng assumes

thatuyMnls sthe 1same for 2 S and 2 S.

10 |
i
b 1%
. ™ ™
15 | Mo 0.19 0.11
~ W | 0.17 L ~ 0.19
iy 4 . . O I B S-S Dt i
29 | Pt 0.26 ! | 0.25
g
Au 0.29 + 0.03

#

§* These values correspond to surfaces cleaned electronlcally Yﬁ rﬂapicilxw
| tends toward Yy ‘
| Muschlitz was lead to measure the ratio ' (Yl and Y5 are the

¢
§ e

i ’ B
\coefficients of HeZIS and 238) I1 and I are the values of metastable flux

He2 S and 2 S formed by diffusion of a gas that is bombarded with electrons.
Chapter I-1). In 1960, Muschlitz used the ratio x /x3 given by Phelps and

Yl/y3 = 2 given by Dorresteln.' In 1962, fOIIOW1ng observatlons by Stebbing .
and Phelps, he took y /yg - 1. In 1964 and 1965 he measured the ratio
Yl 1/Y3T3 and the ratio I,/I.. '

04 HYDROGEN u%s f

\ In 1950, Lamb expressed doubts about this method of detectlon by point-
ing out that 3.4 ev were enough to ionize H2S (10.2 eV). Therefore, it should
‘be a matter of ionization of the metastable species (case ¢ > Ei)‘rather than

‘extraction of an electron from the surface. Nevertheless, he uses a value of
0.5 for Yy for platinum (theoretical maximum value) in his preliminary calcu-

lations and then corrected by 1/80. He also assumes (in 1953) that Yy is the

 same for Pt, W and Zr.
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;M Heberle (1956) uses secondary electron emission of molybdenum, but does
.not give the value of Yy Lichten (1959) measures the coefficient Ym for

{Pt. The method consists of destroyingithe metastable species by means of
‘an electric field. The secondary electrons formed come only from the impact
' of the Lyman o photons emitted whose coefficient Yp is known (0.018 £ 0.005).

Taking into account the geometry of the apparatus, Lichten deduces the value
LYy = 0.065 £ 0.025. ;

; i
. NEON-MERCURY-ARGON | f ‘
j' " "Hasted (1959) (Neon), Lichten (1960), Sonkin, Webb, Couliette, Messanger
: (Mercury), and Muschlitz (1963) (Argon) used secondary electron emission to
'measure the metastable species of neon, mercury, and argon. Unfortunately

g Zthey do not give the value of the coeff1c1ent Ym used.

- Molnar (Argon) evaluates Yy at 0.023 for Ta and 0.065 for Mo.

] % (;;;;Measurement of the Number of Electrons that Lose Energy M”E /18

* HELIUM :

; During the production of heated metastable particles by electron bombard-
_ment, energy is taken from the electron. Measurement of the number of these
electrons will give the number of metastable particles formed.

i

IS Schulz (1959) has compared the results obtained by this method to those
furnished by secondary electron emission by impact of metastable particles

on a metal surface. The experimental apparatus is the same as that in Chapter
~I-1. Only the electrodes inside the collision chamber have been modified in
.such a way that the electron which has lost energy Em in the inelastic colli-

sion with an atom can not leave the chamber and is captured by the anode M.
An improved device consisting of two electrostatic analyzers at 127° was used
by Schulz for the investigation of excited states, but not for the formation
of metastable species.

- 1 6 N
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kel Mo na T2,

ué; 4) Absorption of a Light Ray ;

— The density of metastable ‘species present in a gas may be deduced from
~the measurement of the absorption of a llght ray of a certain wave length
-The value of this wave length depends on the metastable species and on the
Fmeasuring method used. For example, if the'method uses a P. M., we must find

-a compromise between the value of the absorption coefficient of the ray and
the spectro response of the P.M.

10 - The absorption A is given by the relatlonshlp A =1 - transmitted radia-
~tion/incident radiation. i

e i

(Mittchell pp. 118-322)

I being the thickness of the sectlon of gas, k the absorption coefficient
20 lat the center of the ray. kO = oN when the den51ty N of the absorblng atoms
is small. o is a constant. o = emission band w1dth/absorpt10n band width.

Aa is measured. We must know a and o in order to obtaln;“

i

i ! B -
R ! ; & )
o ?“ ' Determlnatlon of a: the curves in Figure II-O represent, iy ®

‘for various values of a. :

¢

- 1) For low absorption, determination of the exact value is not necessary
and will be taken to be equal to 1.

2) For high absorption, the value of a is determined by comparison be-
tween the experimental measurements of A for various values of 1 (the other

ce parameters remaining constant) and the values of A obtained under the same

condltlons from relatlonshlp (1)

~

[ In general, 1 < o < 2.

e Determination of o: the value of the coefficient o is obtalned by cal—
culatlon from the relationship

? Ne = 2 “é‘ ‘r‘.el ‘/-J‘Iz'a'lf ittchell, 100
Ay VT me & g (v L1, p. 100)

The experimenters use the theoretical results of Ladenburg and Damgaard-Bates
to get the values of f£.

Measurement Techniques.

18
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— The absorption is generally low (in the order of a few % for helium).
—It is therefore necessary to use difference or zero methods or modulation.

- “o" b(. I U A

- 1) Modulation method, Phelps 1955e1959 (Figure 11-10). l

S T A

rle
This device is widely used for the 1nvest1gat10n of tﬁe var1at104 of
~density of metastable particles, as a function of time, present in a pulse
discharge. It results in the best signal to noise ratio.

- 2) Zero method.

1
. }

Phelps (1953) measures the light 1nten31ty with absorption and then with-
out absorption.

i
Smith (1963) uses a device which permlts making simultaneous measurement
(Flgure 11-2). :

forme
i

There is an advantage in using an intense light source in order to
{improve the signal to noise ratio, but it must be remembered that, in certain
;cases, the number of metastable particles destroyed may become large.

ZExperimenta] Investigations.
- 'HELIUM "
Phelps (1953-1955) and Benton (1962).

Wave lengths used: 10,830-3,889 for 235
5,016 for 2.

Value of a: 1.5 as determined by the variation of Au as a function
of 1.
Value of ¢ obtained-by calculation from the work of Damgaard-Bates.

In the experiments performed by Benton, 1% of the absorption of the

3,889 corresponds to a density of 4-109 238 metastable particles per cm3 and

% absorption of the 5,016 corresponds to a density of 1. 410° 218 metastable
partlcles per cmz.
NEON
Phelps (1953-1959), Dixon (1957), and Hadeishi (1962).

Wave lengths used: 5,945-5,882-6,143 for SPZ

6,266 for SPO.

19
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"takes o = to 1.6 and 0 = 7.6. 10
(calculation by Ladenburg 8

N

Dixon| determines o by means; of. the.
Tand takes o obtained by calculation fro

Hadeishi takes o =

to 1 and o from

- Phelps uses the relative absorption coefficients givén by Shortley and

lépmz .(5882), in order to obtain absolute values

~Naxiation of the absorption length 1
m the work of Ladenburg. i

the calculations by Damgaard-Bates.

Value of o: Wave Length Dixon Phelps
- PR N : .
< Lo L s f toms »
. " 3wk b
.1 P CE 4
— "5{ o {} 37 &@ {’:&
o % a4 43
..... feg % .
3,4 N
-~ R A Ky N ?
- L0 o
o f i, 2

'MERCURY
Hadeishi (1965), Zemansky (1929-27

 Wave length used is 5,461 for SPé

Value of o = 1.

" ARGON

Molnar (1951) and Phelp (1953).
- Wave length usgd 8,11 5 for 3P2.
‘KRYPTON
| Smith (1963).

Wave length used 5,570 for 185.

.20

) and Pool (1929).

and 4, 047 for SPO.
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"CHAPTER 111, PROPERTIES /23

. Paoe Ty
1) General Considerations’ Page One|Title

e FY

-

The metastable particles are, destroyed ,on the walls of the enclosure and
by 1nelast1c collisions with other partlcles, ‘thus generating neutrons
Texc1ted or nonexcited), ions, electrons or photons.

|

Investigation of these collisions may be carried on by measuring the

“lifetime of the metastable particles present in a pulse discharge or by inter-
“action of a beam of metastable particles with different media.

! .

- ‘ f

(iziLMeasurement of lifetimes of metastable particles in a pulse discharge. Z)
- - ERA
o S ok Y
B In a discharge there is equilibrium between the phenomena of formation
“and of déstruction. At the instant that the discharge stops, most of the
phenomena of formation disappear. The measurements of density are made at

; m 2‘%5‘ DNW»M - Qm (n”n“ng,ﬂiﬁ,g,,,}’ + Qan (v\,,v\efh};w)gis_,,)
W 3R, D, V'R = Qe (ve.ne “f‘m R.Sw ) 4 Qam { wone,ng, 1, R,5..F
i ) 2 €

this moment. - é

gwﬁ 5 Covery P’ pureas |
% The variation in density M, R, S, T etc. of the metastable partlcles
present as a,function of temperature may be represented by the following

| types of relatlonshlps .

% - ) S S N

T I TR . [ U I Y L T i T

0 Ei} and§§§ belng the den51t1es of neutrons, electrons and impurities. :
:i ~ The first term represents diffusion due to elastic collision. This )
;phenomenon is characterized by the dlffu51on coeff1c1ent D where D (D = Dm/p

fp belng the pressure) or by the effectlve dlffu51on Cross sectlon :

(Massey, Burhop, p. 367). |

i

The second term represents destruction of the metastable particles by

. .inelastic collisions. This destruction generally takes place by:

' 1ent A or an effectlve cross section o, defined by T

a) collision with an atom (2-body collision) characterlzed‘by the coefflc- /24

b) collisions with 2 atoms (3- body colllslon) characterized by the coefflc—
ient B

§

c) collisions with a metastable particle chara terl

d by the coefficient

o or the effective cross section o, defined by

!
¥
3
A

21
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: .. - J . A
- 'd) collisions with an electron characterized by the coefficient B or

{
“the effective cross section oqu§£;qggszi

e) collisiomrs with another atom cﬁ

the effecth ve cross section o (d8Fined by

| density of impurities.

A

4 \ .
Therefore, Q1 will generally be iq the form

The third term Q2M represents the formation of the metastable species

b) by collision of an excited or metastable atom with another atom,
characterlzed by the coefficient A'.

i

Therefore, Q2 will generally be of the form

E' -

a2 B e

_- N being the density of atoms in an excited state.

; The principle of the method consists in experimentally measuring the
functlon M(t), R(t), S5(t), etc., under special experimental conditions which

© permit the 51mp11f1cat10ns required for solving equation

ol
.

'Dﬁ
)%

“’!;’.
°’(

‘etc. . Comparison of the functions obtained, M(t), R(t), etc., with those

measured permits determining the coefficient A, B, a, etc.

72) Measurent of Products of Reactions Formed by Passing @ Beam of Metasggﬁié
—__Particles Through Various Media $4Q;WAQfM¢§5‘/&éi_jzégi_J;’ffwwwwmwwM

22

Collisions with ions are neglected (considered theofetically by Allison).

of type M through inelastic collision. 'Generally, this formation takes place:

..a) by collision with an electron, éharacterized'by the coefficien’c_ﬁV«m~j
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Given a beam of metastable particles of flux IO travéling over a length
1 in a medium of density n. The number of particles I, formed by a given

reaction will be-given by the relationship

o. bein
j ng

the effective cross section characterizing the given reaction. Measurement
of I., IO’ n, and 1 permit determination of this effective cross section.

Remarks--the beam may be formed of metastable particles of different
types (generally two). The effective cross section defined above will then be

an average effective cross section . in the case of two types of metastable
O_:d’l —Cﬂl + 0'72. TGL

‘particles 63”' ro;;ioL being the flux of the meta-

. Lor+Toz ‘
stable particles of types 1 and 2 and oJ, 032 the effective cross sections
for process j of metastable particles of types 1 and 2. In the case pf beingg %
of heated metastable particles, it may be necessary to take into account T
- velocity of the target particles (cf. Chapter II -b).
L By en s fPos  l)s
HELIUM /26

1 3 . i <
275 and 27S metastable particles. Afc%%;f PIRPPN. 7€€Zﬁ§

Collisions Investlgated Which Lead to the Destructlon of Metastable Part;;I;;::>

a) 2 body collision. He™ + He +~He2 the molecule which is formed has a

rather long lifetime. The 2 body collision has been studied by Nikerson (1935) .,

b) 3 body collision. He™ + 2He + He, + He the 3 body collision has been
2 Y )

studied by Meyerott (1949) and Phelps (1955) (Figure III-1).
c) Collisions between metastable'particles. He™ + He™ —>;He+ + He + e.

d) Collision with an electron. Hezls + e - He2 S + e. The heating of
electrons by these reactions has been studied by Imgraham (1963).

e) Collision with an electron. Hem +e » He' + 2e,

f) Collision with an atom. He™ + X » X' + He + e. This reaction which
is called the '"Penning ionization" takes place if thé ionization potential of
X is lower than the internal energy of the heated metastable particles

o .
studled by Ferguson 1962
( d s ) [s f#isa saﬂ-77¢‘e'é

Cﬁg}]lstons Investiged Which Lead to the Format;on of Metastable Part:cle§j)

a) Electron collision. He2 S + e +~He238 + e,

Biondi (1951-52) studies the variation in density of a mixture of 218 and

25



2 S metastable particles in a pulse dlscharge in pure helium and in the presence
of impurities.

. Pure Helium: Blondl assumes the relationship: .

Assumlng 2 fundamental mode iffusion, 1ntegrat10h of the precedlng equatlon

gives;:

Investlgatlon of the variation

of p/T as a function of p glves thepvalue of D, and A, and therefore of Oy

0

Measurement of l/T and of Mo for a given pressure p. Biondi assumes that /27

the electron den51ty n in pure helium is governed only by the reactlon (c)
@awﬁr-‘”‘* L . |

aln - D, p;. 4_,9» /,72— for the value of M(t)
z e -w—rv'wr--'-—“" ;
Cn°+3) emp('-—)“ 8 "’"70(*"' )

X Tt

The density n(t) is measured experimentally by means of micro-waves (Fig-
ure II1I-2). The straight portion at T, represents the first term of the L
equation n(t), the metastable partlcles having been destroyed. The difference
an obtained between the measured value and the extrapolated value of the right
side represents the second term of the equation. The slope of this straight
line gives the value of Tm and the ordinate for the zero value of t gives that

of B, therefore the value of Mo. By substituting for S the value Phelps used,
-10—14 cmz, Mo = 5-1010 p/cm (at a pressure of helium of 2.5 mm Hg). The
Variation of p/T as a function of.p (Flgure I1I- 3) gives the values of Dm and
~d . (D P = 9) diffusion: D, = 520 + 20 cm /sec. (mm Hg), 2 body 0011;31qn:

. -2 i

0
g .= 9.6"10
a

Presence of impurities (Ar and Hg). Biondi assumes the relationship

IR B e ek B o g
% ey if?ffi_?"f’ EREAN RN
Q2B |

investigation

therefore by multiplying the pressure p,fu;
of the variation of p/T as a functlon p gives the value of A + Al’ ‘and

is therefore of.

since A has been previously determined, the value of A1

26



Measurement of 1/T for a given pressure p. Biondi assumes that in the

presence of impurities in sufficient quantlty (0.1 to 0. 20), the electron

density n is governed by the reaction f. Therefore ‘dh = 0/ P -;rqf %}/ﬁ}
; : - R \ } I :

n = (00 +B) eop L ) lgimﬁ,(,i_t;m), %f«?gapvm ?&f §
Tm'and B' are determined'as previously. Mo = 2.5-1010 p/cm3 at a pressure of
-helium of 2 mm Hg; collision with impurities; Og = 9=.7-10—17 for argon; Op =

= 1.4-1071% for mercury.
HELIUM (Continued)

Phelps (1953-1955) investigated the variation of density of metastable
states 2 S and 218 separately in a pulse dlscharge in pure helium and in the
presence of impurities.

, Pure helium and low density of metastable particles; Phelps assumes the
set of equationms:

}27: = D¢ Vl,S‘ «Ap& 5 pn¢5 : S is the density 0:511218 helium
AT o vy . zzp*~r+ pres T is the density of 2°S helium.
% :

He assumes a fundamental mode of diffusion and that the electron density.
remains constant over time and space during the time necessary for the destruc-
tion of a singlet. This last hypothesis has been verified experimentally,
since the lifetime of the singlet is less than that of the triplet. With these
hypothesis, the set of equations becomes: '

“‘Ff’;”":‘:‘\"; 2 T TR e e RRE— A . D, Ce .

280 e"ET . Y= By Apebine ,

o ; v | ~ o
.Ts(To +B) e“'?/-r"i e T y.r;L De 4 gpz ) G s BreSy (Jg_.é;)

Measurements of the absorption of the spectrum line permit obtaining the
values S(t) and T(t) (Figure III-4). The comparison of these results with the
functions S(t) and T(t) give the values of Yg and Yy for a given pressure p

and electron density n,_. Curve ys(ne) as a functlon of electron density ng

. (Figure III-5) gives the value of p and therefore of O Curves yS(p) and

27



YT(p) as a function of pressure p (Figﬁre IT1I-6) gives the values of the coef-

-ficients DS; DT’ A and B. ‘ |
coeff1c1ent of diffusion He2! S Dy = 440 + 50 cmz/sec. (for 1 mm Hg)
He2 S DT = 470 + 25 cmz/sec. (for 1 mm Hg)
3 body collison He2’s By = 0.21 sec™! mm!
2 body collision He2's cd(Si = 3.107%0 cn? /29
2 body collision He2%s 0, (T) = 10722 cmg
~electron collision .cd,=.3-1o'14 cm2

»(Hezls + e > Hezss + e)
-(the value Ua(T) measured by Phelps in 1953 justifies suppression of the

2 body collision term in the relationship dealing with the triplet).

Cii?EF; Helium and High Densjty of Metastable Parfifliézz:>
o Fo Fheo o ook ’f% z

Phelps assumes thst under certain conditions, which he does not specify,
collisions between metastable partlcles play a leading role. He assumes the
< I i

relat10nsh1pi~“? g ow 8y @=n%”

k&,‘m"%gw\ SR LI o g

of metastable particles by means of absorptlon of a spectrum line glves the
values of M(t) (Figure III-7) while the slope of the 11near portion gives the
value of O

-

. Measurement of the density

collision between metastables o, = 10—14 cmz.

Presence of impurities Phel?s (1953) points out the influence of the
presence of argon. He assigns the value of O¢ but does not specify the method
of measurement. [o Op = 3-10 -17 cm2 for Ar.]

Benton (1962) measures the effective cross sections of destruction of the
singlets and triplets by impurities Ar, Kr, Xe, Nz, He, Ne. The relationships

are:

28



Benton measures coefficients DT’ B, and effective cross section Op by

comparing the slopes of the linear portions of curves M(t) which are obtained
experimentally (Eigure III-8) by absorption of the spectrum line in pure

helium and in helium containing impurities.
any details about his measurement methods.
whether the coefficient B was measured or was assumed.

Unfortunately, he does not give
Specifically, he does not mention

= 560 + 50 cm’/sec (at 1 mm Hg)

-2
mm

diffusion of the triplet DT
'3 body collision (2°%) B, = 0.31 * 0.03 sec. ™t

value of o Ar, Kr, Xe, N,, He, Ne (cf. Table V-2).

1

Effective Cross Sections o (cmz) for the Reaction He™ + X + He + X + e
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HELIUM (CONT.) /3

Muschlitz (1962-1963) measures the effective cross sections O¢ for the

reactions He™ + X » He + X' produced by a beam of heated metastable particles

passing through Ar, Kr, Xe, HZOZ’ NZ; Co, CH4, and C2H6 The average effective

" and G4z M 3’% * e,

ﬂ,%ﬁJ Jq,ng dealing respectlvely w1th 51nglet 2 S and trlplet 2% S. Since

cross section o

the beam is derived from a gas that is excited by electrons, the ratlo

depends on the gas pressure and the energy of the electrons. The beam of
—-—metastable particles is measured by secondary electron emission:

S— SR
v B T R
s T o oH s
on e T &

73 R Bl
. -
2‘3}3 & \&% 7 §~' & ;ém %

i

5:"

the value

as a function of R glveslthe values Oe and Opze

Fite (1963) measures the effective cross section SR for the reaction He" +
+ . . .
+ e > He + 2e. The beam of metastable particles obtained by diffusion from an

HF source is formed of a mixture of 218 and 238. It is bombarded at the right
angles by a beam of electrons with a variable energy (10 to 24 eV). The ions
formed are separated from the beam of meutral particles by a magnetic field
and measured at a target. The metastable particles are measured by secondary
electron emission. The.maximum value is o, = 2.8-10- ~16 cm2 for electrons of
13 eV, (the maximum ionization effective cross section of helium in the funda-

mental state 'is o, = 0.35'101_6 cm2 for electrons from 130 to 115 eV).

Stebbing (1957) and Hasted (1959) measure the total effective cross sec-
tion of the absorption of a beam of heated metastablé particles passing
through various gases. The diffusion coefficient for this effective cross
section is called D . '

The beam of flux IO travels length Z in a medium of density n. The re~- /32

maining flux I1 impinges on a target where it is measured by secondary electron

emission. The effective cross section o, is given by the relationship
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p being the pressure. The measure-

~ment I (p) gives the value of Ope

The accuracy of measurement depends on the angle of resolution of the
apparatus. Willmore, in a private communication, indicates that in the case
of helium, an angle of resolution of 1° produces an error less an 6%.

The influence of the phdtons present in the beam of metastable particles
is evaluated by 1nterp051ng a collodion film (Stebblng) or by modulation
(Hasted).

Stebbing and Hasted believe that the beam used is formed only by triplet

23s.
He233 He_]6 2 Ne .. Ar Kr Angle of
10 cm 4 . . Resolution
Stebbings © 149 119 211 - 418 2°
Hasted (1) 145 127 200 ! 0.1 at 1°
Hasted (2) 109 116 . 188 Values corrected
’ : in 1964

(2) Hasted (1964) corrected his values in order to take into account the
relative velocities of the incident particles and the particles striking the
targets and to obtain a better estimate of the density of the gas.

Muschlitz (1962-1964) measures the total effective cross sections of
absorption of a beam of metastable partlcles traver51ng various gases as a
‘functlon of the angle of resolution.

The beam is formed of singlet I . and triplet I .. The effective cross /33

01
sections are defined by equatlons’ ﬁ7 W
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Measurement of * as a function of pressure p, for a given value of R,

gives the value of

The valuesféf m/e as a function of 1/1 + R gives Uiz for 1/1 + R =0 and o
for 1/1 + R =1,

tl

Since the target particles do not all-have the same speed and since these
speeds are not negligible compared to those of the metastable particles, the
total absorption effective cross section is an average value Q that is related
to the effective cross section o by a coefficient which depends on the masses
and the velocities of the particles.

¢ = 0.766 o for helium. ¢ = 0.916 o for neon,

Helium 300° K Neon 300° K Argon 10-16,cm2

Angle of Resolution 3.10-16 cm2 3.10-16 cm2

;
c o i o o e .y
(A A HL IR

b .

R AT A 1 P R b AR

The total absorption effective cross section represents the effective /34
cross section of elastic collision, since the loss of particles by inelastic
collision is generally negligible (the effective cross sections for the in-
elastic process varies from 10—20 cm2 to 10—16 cmz). Only reactions of the
type'Hem + He + He + He™ (exchange of excitation) and certain-ionization re-

. + . . -
actions (Hem + X:> He + X + e) have effective cross sections close to 10 S
(7-1071® for the first one evaluated by Muschlitz, and 6°to 7-10-6 for the
second in the case of argon). However, measurement of the ions formed permits
taking into account the loss of metastable particles through this reaction.

\32



NEON /35

3 Metastable particles 3P2, 3PO.

The presence of four very close levels 3P2, 3P1, O’ lP of the con-
2

figuration 15225 2p 3s makes the 1nvest1gat10n of collisions of metastable
particles with neon more complex than that with helium, since edch of these
states can collide with an atom or an electron and generate three others.
Therefore, there are twelve possible reactions represented by coefficients

A, B, C, D, E, F, G and aA, bB, cC, eE, fF, gG, but some of them are not
1mportant

Experimental Investigation

s

1) Collisions investigated 1nvolv1ng the destruction of metastable par-

ticles 3P2 amd SPO

a) 2 body collision: the metastable species 3P, may generate an excited

0

state or a metastable species SPO > 3?1

SPO > SPZ

b) 3 body collision

c) collision with an electron SPO + e > 3?1 +e

d) with another atom, Ne™ + X » Ne + X' + e if the ionization energy of

X is less than the internal energy of Ne™.

: 2) Collisions investigated invdlving the formation'of metastable species
3p
a) 2 body collision: 3P1 > 3P2
3p, » 3P
b) collision with anelectron “3P1 + e 3P2 + e

Zemansky (1929), Biondi (1951-52), and Phelps (1953) investigated the /36

collisions of a mixture of 3?2 and SPO of neon in a pulse discharge without

taking into account the particular reactions produced by the four very
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féaﬁecehcyleveie}_ Their method of measurement is identice}mgo thaﬁuused,by- B
“them for helium. Zamansky and Biondi used the equation - ‘ N

(Flgure 111-9) and Phelps the equatlon

‘Results: Oa 8 9. 10 R ;
: i -14 !

O, = 2.6+10 cm (Argon) ;
" Do = 150 cm sec—1 } Do = 60 cm® sec ™ }
- o
A =50 sect mnl  at 300°° A=o ) ek
B=20 } B =510 " sec = mm" }

Dixon (1957) investigated the collisions of metastable particles 3P2 and

SP in a pulse dlscharge in pure neon and in a mlxture of neon and helium.

The den51ty of‘each state 3P2 and

3P as a function of time is measured by the absorptlon of a spectrum line of
llght.

This measurement determines the value of.t for a given pressure. The *
_variation of 1/t as a function of p permits obtaining DO and A (Figure III-10).
Pure neon: SPO {Do = 170 cm2 sec—1 + 10 (o = 42.7'10—16 cmz)
{2 body collision o, = 10.4:107°0 cn’

SPZ'{DO = 170 cm2 secc—1 *10 (o = 42.7-10-16 cmz).

Mixture of neon and helium. Dixon assumes that the equations used in
-the case of pure neon are also valid here,

16 2

3P, {Do = 310 * 20 en® sec™l & 20 (0 = 40.5-10" 7 cm)
20

{2 body collision 0; = 6.1-107%0 en?

5P, {Do'= 310 £ 20 cn” sec”’ 20 (o = 40.5:10°1% cn?)

I+

Phelps (1959) takes up Dixon's measurements. He assumes that the meta-
- stable particles are destroyed by 2 and 3 body collisions and that some of these

reactions produce metastable particles and excited states which may in turn
produce reactions.

By assuming a fundamental mode of dlffu51on and by neglectlng colllslons
between metastable particles and electrons, he obtains the following set of
equations

34



M, R, S, and T are the densities of states 3P, SPl, SPO, 1P1. a, b, ¢,
e, f, g, A,.B, C, E, F, G are coefficients that characterize the twelve reac-
tions among the four states. YR is the attenuation constant for the radi-

ation of entrapped resonance. a, b, c, e, £, and g are known (Schultz-Short-
ley). YIR has been calculated by Holstein. A, B, C, E, F, and G are unknown

and must be measured.

Investigation of metastable species 3Py
Experimental -investigation for small values of time (Flgure III 11) and

_the values of coefficients a-g permit neglecting the terms

3

By neglecting the term BS 02, we obtain:

Absorptlon measurement of a spectrum 11ne glves the value of Yo and the. /38

, : o B ] “ iresults in values for DS -

o B+ B gBj: e i il | .
Dg = 5.8}1018 en ! osec! B+ E+ gb=2810 15 p?

Experlmental investigation for large values of time t and values of Mig;f

coeff1c1ents a_gvpermlt neglectlng the term B- T/gS and neglectlng the term

2 body collision SPO - 3P1(B 5.10—15 cms/seq) o 6-10'20 sz

5P, » 3P, (E 5.0 em®/sec) o 6-107%9 cn?

Investigation of metastable species 3P2.

ase of the 3P0 species, the term S/bM and T/en are neglected.

As in the
}'!"'“""ﬂ-@

Therefbre,::

[ o

measurements of the spectrum line of light.

VYM is determined by absorption

‘35‘.



For high den51ty,

as a function of ;{"~

L 3P, (A= 4:1-1071* en®/sec) o, = 5.2.107° e, /3

3 body collisiont By = 0.5 sec™ mm (300°K). :

2 body collision: 3P

Electronic Collisions

{ 4
To the relationships; must be added terms of the form}

P Rye

¥,

a 3 ;:? » n  being the electron demsity.
R 1L

By using Dlxon s results obtained with a pulse discharge (30 mA) and by

considering only the reaction SPl + e +~3P2 + e and 3P0 + e > 3P1.+ e, while

neglecting the others, Phelps evaluates the effective cross section o,

% = lo:ii cmg for 3P, - 3P, (for heated electrons)
0& = 10 ™ cm™ for SPO > 3P :

Hasted (1959), proceeding exactly as for helium, measured the total
absorption effective cross.section of a beam of metastable neon traversing
various gases: helium, neon, and argon.

SR I

iAngxe of
qReso]utlon

e racnrer e
o T s

ye

* Corrected values which take into account velocities of target -and
incident particles and are a bare estimate of ‘the gas density.
Muschlitz (1963), proceeding exactly as for helium, measures the effective /40
cross sections for the reaction Ne™ + X > Ne + X+,'the target being CH, for

4
C2H6'
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" Mixture of Helium and Neon

When a metastable particle with a thermal energy o™ meets an afom X,
‘reaction 0"+ X > X +0 + e takes place if the excitation energy of o™
greater than the ionization energy of Xf. Reactions of this type can not occur
for a discharge in a mixture of helium and neon. (Ne+ = 21.56 eV, He' = 24.58
eV,vHem = 20.55 eV, Ne™ = 16.62 eV). A destruction mechanism of metastable

particles He™ in neon were studied by Suzuki (1964) and Pariser (1965) in
comnection with the operation of neon-helium gas lasers.

3

The metastable particles 218 and

N { i ‘ '238 present in a neon-helium discharge
{Mfgnﬂ? jlifetlme permit the passage, by means of in-
! elastic collision, of atoms of neon in

~the excited states 238 and 218 which
destroy themselves while emitting
< :

spectrum lines 6,328 A units and 1.1523
e

Since the lifetime of the meta-

stable particle 238 is longer than that

of 218 the intensity of spectrum line

1 1523 u is greater than that of the
6 328 A line.

S e

Argon, metable species 3P2. j /41

Phelps (1953) studied the collisions experienced by the metastable species
SP present in a pulse discharge in argon in the presence of'lmpurntles"exaCL1v

ri

~as in the case of helium in pure argon. He used an equation . C o i
& . Measurement of the density M(r) for absorption of a spectrum line of
1 éﬂf gave the value of the coefficients:

Dy = 54 cn® sec™t A = 40 sec™  mmY B = 9 sec™t mm 2 (at 300°K)
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2

(The values at 77° K are not reproducible). In the presence of impurities
(Hg, Kr, Hz), Phelps gives the effective cross sections of the destruction of

without giving details of the method used.

.the metastable species 3P2
o, = 3-10.15 sz (Hg) vy oo Vigde
£ 16 2
Og = 10 cm” (Kr)
17 2

Q
i
[*)]
et
[
(e}
=
~y
pum
N
-

‘Muschlitz (1963), using an identical method as that for measuring helium,
obtained the effective cross sections for the reactions

A CH, + Ar + x

R +
Formed ions CZH6 C2H4
s(10718 cn?) 90 100

Mercury; metastable species SPO.

Webb (1924-1929) and Coulliette (1928} studied the diffusion of metastable
SPO produced by electron bombardment of mercury vapor.

Zemansky (1927-1929) and Samson (1932) showed that this metastable species
could be produced under other conditions. Thus, the mercury vapor or better -
-yet the mixture (Hg—Nz) irradiated by spectrum line 2,537 continues to emit

this line after the excitation is eliminated. They assumed that this phénomenon
was due to the presence of the metastable state 3P0(4.66eV) which, by means of
©

collision, creates 3P1(4.86eV) in the excited state, emitting the 2,537 A line.

The densities of excited states 3P1 and‘3P0 may be represented by equations

of the same type as those used by Phelps in 1959 for neon.

Zemansky and Samson assumed that the most important inelastic collisions
are those which involve 2 bodies as follows:

3P + neutral particle: (Hg or NZ) .+ 3P

0 , 1
SPO + neutral particle . > 180
3P, + neutral particle > 3P,
3P1 + neutral particle -+ 1So

based on this hypothesis, the equations yield the functions
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hd o
M{t) and R(t). Measurement of the decrease in intensity of the 2,537 A line
permits calculation of the values of effective cross section for diffusion
and for 2 body collisions. :

-

+ . .
G o RN

TR AT e ey

- o (by diffusion) = 15.6-107%% (301°K)
17.7-107%0 (374°K)

18.4.10710 (486°K)

aacz body collision) 2P, 3P, = 6.7-10718 cn?
3P 3P = 3.2-10'17 cm2
1 0 18 2
3p 1S, = 2,2+10°"° cm
0 0 22 2
3, 15, = 2-10 cm”

Courbey (1951-19545 studied pure mercury vapor. Formation of metastable

3?0 takes place through the reaction 3P1 + 150 - 3P0 + 180. He assumes that

destruction of the SPO takes place mainly by 3 body colllslong;w i .

w1th formatlon of an exc1§ed Hg * molecule which is destroyed

y:

spontanééusl

The densities of state 3PO and Hg‘* are given by the equations

o e o

ey FER

the CM term corresponding to the spontaneous destruction of the Hg,* molecule.

From the measurement of the decrease of emission of spectrum lines 4,850

and 3,350, Courbey obtains the values of the coefficients Dm’ Bm, Dm, Bm'



&

{at

A

Hg 3 E“o N
&

o , % N ‘
Gy 100 X 16 &,,:?,,gﬂg

LHg 2. F2l0gec~l

D = 88 cm’/sec (200°C 10%°

B =21 10732 attoms/c:c:)_2 sec

atoms/cc)
-1

Biondi (1953) investigatihg the electron density in a pulse discharge
.within a mixture of mercury and helium, is lead to consider the reaction

Hgthgm +~Hg+ + e + Hg. Procéeding exactly as in the case of pure helium
(see above), he obtains equations of the following form:

L B
% 1 SR ) S

He also obtained values (for a 2 body collision): D ‘n, = 1.5'1018cm2/

sec (atom/cc) J(at 350°K); o, = 8}10—1'7 cmz.

Krypton, metastable species 185.

Like neon, krypton has excited states close to those of metastable species

1SS, but these levels are sufficiently separated so

that collisions with the heated particles (electrons
or atoms) only participate in a negligible number
of reactions going from one level to another. Smith

Ly

o

[ e o '3 ’ ' e g i s g NS, il
b e et b . g N

represents the density of state 175 in a pulse
discharge. Measurement of the value M(t) by absorp-
tion of the spectrum line of light permits determin-

ing the values of Do, A and B.

(2 body collision)

(3 body collision)

Comparison of these values with those of neon and argon shows that the

destruction of the metastable particle 185 through a 3 body collision is greater
for krypton than for neon and argon.

40

/44



H

ggpféSSU??ﬂ

D G ke G

%absorption
(arbitrary | ¥
unit) [pressure

e i

51

SRR S0

— - m‘

-..Jy % . s %o
& aE 14 22 w0 4B mges - : .
henend time, 2 8 8.5 3820
Figure ,111-1 (PHELPS) ‘Figure 111-2 (B10BDI)

’

s e
e W

pressure’
’s-v E%vw‘@hm?% ’ ®

ek

J - 1
" pressure.

~ T

R
o

SRt e
v

g e 5 W ST ST

st i AR

I

g

Figure 111-3 (BIONDI) A Figure 111-4 (PHELPS)



5

b N

oot O 3

" ;

i i
{ .
i [

SRR BT A R T

Jic ot it s AR S i

Ne density of, electrons

L

ressure

Figure 111-5 (PHELPS) | ‘Figure I11-6 (PHELPS)

o : s 5
b
o ;

4% ;2

; :
. i

it i SEBBO TR st i i

/o, ; (arbitrary units)
FAR N —— i g
P b
: v,w'*”ww : . i
é”é : ‘
; ; | 3
; latoms/cm

o i TR

!
“time b bl

Figure 111-7 (PHELPS) Figure t11~8 (BENTON)

B3 N

42



s

.

3

B o i e OO 58

&

R o Baakesalid

pressure p |

Blssbsindiniionit e i mj_ —

Figure 111-9 (BIONDI) Figure 111~10 (DIXON)

TP S
density of
metastablel
articles !
s
; s
: ¥ P e
: o, | sesgmmes s
: Pt
{

Figure 111-11 (PHELPS)

.o

43



CONCLUSION /46

The metastable atoms investigated up to the present time may be placed
_in two categorles' ' ; :
¥ i ) i -
1) those with a kinetic energy less than an electron Voltv(thermal energy),
2) those of high kinetic energy.

 Thermal Energy Metastable Particles

The production methods (gas or beams) as well as the detection methods are
known but the procedures are different. Some properties have been studied
(collisions with neutral particles, electrons, and photons) but the magnitudes
~measured are either:

1) the results of a single experiment. For example, the measurements of
effective cross sections for the reactions .

Hem +~Hem - He+ + He
HeIS +e - HeSS + e

m +
Hew + e > He + 2e

2) not in agreement, the differences often exceeding the experimental

errors given by the experimenters. For example, the measurements of effective

" cross sections for the 'Penning ionization'" reactions.

Collisions of metastable atoms with ions have not been studied.

~ Metastables With High Kinetic Energy

Only the production of a beam of hydrogen metastable particles (H2S) have
been studied, probably with the aim of obtaining a beam of polarized protons.

/4

- Produetion of These Metastable Species May Occur

-

1) By electron bombardment of a beam of fast neutral particlés, but the
density of such a medium is low and the effective cross section is unknown.

2) By a 'charge exchange” reaction.

; This method used for hydrogen may be generallzed. _For example, for helium
and argon, the reactions - ‘

ce £
| L
i

have large effective cross sections (10

ey = B foe i o s

-14 cmz) in the range form 20 to 1000 eV.
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It is necessary to know which is the excited state of the ﬁeutron formedv
Theoretically, the formation of a metastable or excited state is the most
probable one.

It is necessarf to know the destruction reactions of the metastable parti-
“.cles formed by collisions with atoms of Cs or Rb.

The Detection of These Metastable Particles is a ?ouchy Matter

The action of an electric field is practically never valid except for the
hydrogen metastable species H2S and the absorption of light is not useable,
since the densities are too low. The method using secondary electron emission
by impact of metastable particles on a metal surface is valid in principle,
but it is necessary to know the values of the emission coefficient of the )
metastable particles and the fast neutral particles which are generally present
together,
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